Chemical reactions can be surprisingly efficient at ultracold temperatures ( < 1 µK) due to the wave nature of atoms and molecules. The study of reactions in the ultracold regime is a new research frontier enabled by cooling and trapping techniques developed in atomic and molecular physics. In addition, ultracold molecular gases that offer diverse molecular internal states and large electric dipolar interactions are sought after for studies of strongly interacting many-body quantum physics. Here we propose a new approach for producing ultracold molecules in the absolute internal and motional quantum ground state, where single molecules are assembled one by one from individual atoms. The scheme involves laser cooling, optical trapping, Raman sideband cooling, and coherent molecular state transfer. As a crucial initial step, we demonstrate quantum control of constituent atoms, including 3D ground-state cooling of a single Cs atom, in a simple apparatus. As laser technology advances to shorter wavelengths, additional atoms will be amenable to laser-cooling, allowing more diverse, and eventually more complex, molecules to be assembled with full quantum control.
Introduction
Ultracold molecules offer exciting new opportunities to explore the fundamental interface of chemistry and physics. On the one hand, molecules prepared in a pure internal and external quantum state allow studies of chemical reactions fully in the quantum regime 1 . Such studies will be of fundamental importance in chemistry. On the other hand, the rich molecular internal structure and interactions allow building systems that exhibit novel quantum manybody phases 2 . Understanding and controlling fundamental chemical processes and physical interactions are central to deciphering complex systems.
Inspired by scientific and technical advances in the field of ultracold atomic and molecular physics, we propose a new approach to assemble ultracold molecules atom-byatom. The novel source of single gas-phase molecules will provide a new paradigm to study chemical reactions. By preparing exactly the required number of molecules for each experimental measurement, we could unambiguously determine the species involved in a reaction. Furthermore, by combining knowledge of the initial quantum state of the reactants and the detected quantum states of the reaction products, one can learn details of the chemical reactions dynamics and elucidate the processes of bond breaking and formation. Finally, a growing number of atoms in the periodic table can be laser-cooled, which means that the first step in the proposed approach -laser cooling of atoms to ultracold temperatures -is becoming increasingly applicable. This new way of performing chemical reactions will enable the production and investigation of molecular species that were otherwise inaccessible.
Another motivation for creating a source of single molecules is its built-in individual molecule detection and manipulation capabilities which are crucial for applications in quantum information processing and quantum simulation. Quantum computers would allow new types of calculations for chemistry 3 , opening the door to quantumcomputing-based discovery of molecules for medicine, energy storage, and other practical uses. Single ultracold molecules can serve as quantum bits where information can be encoded in the long-lived hyperfine or rota-1.
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Merge Cool Trap Ground State Molecules Fig. 1 Step-by-step procedure for the "ultracold molecular assembler." 1. Trap single atoms in an array of optical tweezer traps. 2. Cool atoms into motional ground state. 3. Merge a pair of tweezers into one. 4. Convert atom pairs into weakly-bound molecules. 5. Perform coherent internal state transfer to bring weakly-bound molecules to the rovibronic ground state.
tional states while logic gate operations utilize their longrange, tunable, and anisotropic interactions 4, 5 . The single molecules can also be interfaced with strip-line microwave cavities for quantum information applications 6 . Furthermore, the same dipole-dipole interactions that give rise to gate operations can be utilized to study novel quantum phases once the system is scaled up to many molecules in a spatial configuration of one's choosing.
Many methods for trapping and cooling molecules to cold and ultracold temperatures have been demonstrated or are being pursued 7 . We follow the general approach of assembling ultracold molecules from ultracold atoms. Complete internal quantum-state control of molecules was achieved in bulk gases and optical lattices [8] [9] [10] [11] [12] [13] [14] [15] . These advances have already opened the door to many research directions, including ultracold chemistry 16 and simulations of quantum spin models 17 . Furthermore, interesting strongly interaction phenomena can be explored with a lower entropy gas and with single molecule addressability 18, 19 . The method proposed here aims to realize both of these capabilities.
The steps of single molecule production
Here we outline the steps for single molecule production ("ultracold molecular assembler," see Fig. 1 ). This approach relies heavily on high fidelity internal and external quantum-state control of atoms and molecules and are generally applicable for a variety of species. Specifically, we choose diatomic molecules made from sodium (Na) and cesium (Cs) atoms due to their large molecular fixed-frame dipole moments (4.6 Debye) 20, 21 and extensive available spectroscopy [22] [23] [24] . For ultracold chemical reaction studies, NaCs molecules prepared in different internal states offer distinct energetic pathways to participate in chemical reactions that could be switched on and off 25 .
The first step of the production ( Fig. 1) is to prepare laser-cooled Na and Cs atoms in overlapped magnetooptical traps (MOTs) in a single vacuum chamber. A schematic of the apparatus is shown in Fig. 2 . A more detailed description can be found elsewhere 26 . The MOT serves as a cold atom reservoir for loading single atoms into tightly focused optical tweezer traps 27 . When a sufficiently confined atom is illuminated with near-resonant light, a collisional blockade induces parity projection which limits the atom number to either zero or one. Loading a single atom therefore succeeds approximately 50% of the time due to its stochastic nature 28 . To independently control Na and Cs, we choose two different color tweezers, 970 nm for Cs (λ D2 = 852 nm) and 700 nm for Na (λ D2 = 589 nm). The severe light shifts of Na at the trapping wavelength would normally prevent atom cooling, and consequently, efficient atom loading. We eliminate the light shift through fast temporal alternation of trapping (tweezer) and cooling 26 . This technique should enable loading of other species of atoms and molecules that might otherwise experience large light shifts. Subsequently, fluorescence imaging determines if a single atom has been successfully loaded before proceeding. Simultaneous trapping of single Na and Cs atoms sideby-side has been achieved, as shown in Fig. 2 .
To maximize wavefunction overlap between two atoms so that they can be efficiently converted into a molecule, we desire atoms trapped in the same tweezer and with the smallest possible wavefunction spread. To achieve this, the second experimental step (Fig. 1) is to cool the atoms into their motional ground state by applying 3D Raman sideband cooling (RSC), a technique first demonstrated with single ions 29 and recently with single neutral Rb atoms 30, 31 . Once Na and Cs atoms are in their 3D motional ground state, the two tweezers will be overlapped and merged. The Na tweezer trap will be adiabatically ramped down to ensure that both Cs and Na are trapped at the same position.
The smallest wavefunction spread achievable in the confining tweezer quadratic potential corresponds to the zeropoint length, z 0 = h/(2mω), where m is the atomic mass, h is the reduced Planck's constant, and ω is the angular frequency of the trapped atom. For a representative 2π × 70 kHz trap frequency, the zero-point lengths for Na and Cs are z 0 = 1059 a 0 and z 0 = 440 a 0 respectively, where a 0 = 0.053 nm is the Bohr radius. Therefore, two atoms cooled to their motional ground state will still have an extent in one dimension more than a hundred times larger than a typical molecular bond length, making efficient conversion challenging. Following RSC, we will merge the two tweezers ( Fig. 1 ) in order to initialize the Na and Cs atoms in a single internal and motional quantum state. In a quadratic potential, as in the case of the bottom of an optical tweezer, two non-interacting particles can be recast into relative and center-of-mass coordinates 32 . Two atoms prepared in their respective motional quantum ground states can then be viewed as being in a single relative motional state. A pair of atoms can then be converted to a molecule in its absolute rovibrational ground state with almost unit efficiency via quantum state transfer, provided that the entire process is coherent.
To overcome technical challenges associated with bridging two quantum states with a large energy difference but small wavefunction overlap, we plan to use two steps ( Fig. 1) . A sodium and a cesium atom in the same tweezer will be first associated into the most weakly bound molecular state (vibrational level ν = 24 in a 3 Σ + ) by a detuned, coherent, two-photon Raman pulse. Subsequently, the weakly-bound molecule will be transferred into the rotational, vibrational, and electronic (rovibronic) ground state by STImulated Raman Adiabatic Passage (STIRAP) 33 . To check that the process is successful, residual atoms will be blown out with resonant light, and the surviving molecule will be coherently converted back into atoms for fluorescence imaging.
In the following sections, we will detail the steps of motional and internal state control of molecules with experimental demonstrations and theoretical calculations.
Controlling the quantized motion of atoms
Using standard MOT and polarization gradient cooling (PGC), we can cool a single Cs or Na atom to the point where the discreteness of the trap's energy levels becomes important. To further manipulate the atom into the lowest motional state, it is necessary to operate in the resolved sideband regime where the linewidth of the cooling transition is less than the trap frequency (10-100's of kHz). Raman sideband cooling (RSC) has been demonstrated for a variety of systems in this regime 29, 30, 34 . Here, we demonstrate RSC of a single Cs atom to its 3D motional ground state.
The RSC sequence consists of two steps: a coherent twophoton Raman transition that connects two internal states while removing a motional quantum, and an optical pumping (OP) step that re-initializes the internal state of the atom. The two steps are repeated until the atom population reaches the ground state. Although we will discuss cooling of an atom initialized in a single motional state ν = n where ν is the motional quantum number, the following mechanism also applies to distributions of motional states, as in the case of a thermal state prepared by PGC.
In our scheme (Fig. 3) , the Raman transition is between Cs ground-state hyperfine levels |F, m F = |4, −4 and |3, −3 , which are about 9.2 GHz apart. To drive this transition, we phase-lock two diode lasers and set the one-photon red detuning ∆ = 2π × 44 GHz from the Cs D 2 line at 852 nm. To further address the motional degrees of freedom, the laser beams are arranged as shown in Fig. 3 (B) to achieve substantial two-photon momentum transfer, ∆ k = k F4(i) − k F3 , while the energy difference associated with the hyperfine level and motional state change is supplied by the two-photon detuning, δ . If the bottom of the trap is sufficiently harmonic, as is the case here, this resonance condition is maintained for all relevant motional states, ν.
The atom is initially prepared in |4, −4 by OP. We use |3, −3; n − 1 . Subsequently, OP is pulsed on to cycle the atom back to |4, −4 . The OP step has a high probability of preserving the motional state 35 . Thus, in one RSC cycle, ν has decreased by nearly one on average. This process repeats until the atom reaches the dark state |4, −4; 0 , thereby deterministically preparing the internal and the motional quantum state of the atom. To address each axis separately, we toggle the three Raman F4(i) beams by repeating the sequence i = 3, 1, 2, 1. The linewidth of the Raman transition is π-time Fourier limited due to the effective Raman coupling Ω R = Ω F3 Ω F4 /2∆ = 2π × 33kHz (2π × 7 kHz) for radial (axial) trap axes. OP with a rate of Γ OP = 2π × 83 kHz is applied for 85 µs in between cooling cycles. For the entirety of RSC, the quantization axis is defined by a 8.6 G magnetic field along the OP propagation direction. All Raman pulses in this experiment for cooling and spectroscopy use a Blackman window temporal intensity profile to reduce off-resonant excitation of the carrier. The starting A, B, and C refer to heating sidebands for the two radial and the axial directions. D refers to the axial carrier. E, F, and G refer to cooling sidebands for the axial, and the two radial directions. The temperature is 9.2µK, corresponding to a 3D motional ground state population of P (0,0,0) = 2.5%.
[Bottom] After RSC is applied. Sideband thermometry indicates P (0,0,0) = 84 +3 −5 %. Solid lines are fits to independent Gaussians, and only serve to extract the center of the peaks. temperature of 9.2 µK, corresponding to an initial average motional quantum numbern a = 9 in the loosely confined axial direction, leads to significant occupation (i.e., at least 1% of the n a = 0 population) of levels up to n a = 40. Some of these higher-lying levels could not be cooled efficiently by only applying RSC pulses for the duration of a groundstate sideband π-pulse due to the √ n scaling of coupling of adjacent motional states 35 . Therefore, we sweep the axial pulse duration to address all levels in descending order from n a = n init → 1. To overcome decoherence, which reduces the transfer fidelity of each pulse, we repeat the sweep with decreasing n init = {41, 31, 16, 11, 6}.
To verify cooling performance, we compare Raman sideband spectroscopy (Fig. 4) of the single atom with and without cooling. The atom population in the F = 3 manifold was detected by blowing out atoms in the F = 4 manifold with light resonant with the cycling |4, −4 → |5 , −5 transition. The trap cross section is elliptical giving rise to different radial trap frequencies. The sidebands feature a main peak and a smaller side peak, the latter of which we attribute to interference between the sideband and the overdriven carrier. Nevertheless, equating the ratio of the heights of the main peaks of the two sidebands ton +1 n should give the correctn. This was verified by simulating sideband spectroscopy on a thermal atom using a master equation evolution of the density matrix. By assuming a thermal distribution, we can ex-tract a temperature and a ground state probability for each axis. For the hot atom, we measure a temperature of 9.2µK, corresponding to a 3D motional ground state population of P (0,0,0) = 2.5%. After RSC, (n a ,n r1 ,n r2 ) = (0.14 +0.04 −0.03 , 0.03
+0.04
−0.01 ), corresponding to a groundstate population (P n a =0 , P n r1 =0 , P n r2 =0 ) = (87
Hence, a 3D ground-state population of P (0,0,0) = 84 +3 −5 % is reached after 100 cycles of RSC (≈ 100 ms total cooling time).
The ground-state population achieved following RSC is primarily limited due to the fact that the choice of Ω R is a trade-off between overcoming decoherence mechanisms while maintaining adequate sideband resolution. Efficient cooling requires
, where in our experiment η R = 0.17(0.14) is the Lamb-Dicke parameter 35 for the axial(radial) direction and T 2 = 300 µs is the coherence time of the Raman transition, limited mainly by external magnetic field fluctuations and the phase coherence of the Raman transition lasers. Future improvement may be achieved by increasing trap frequency, and therefore the upper bound on Ω R .
RSC will also be applied to prepare a single Na atom in its motional ground state. A sodium atom has a higher photon recoil frequency due to its lighter mass, which means that the heating rate due to OP is increased and that the atom is initially hotter following preparation by PGC. Initial RSC is therefore confounded by motional de-phasing of the hot atom and needs to overcome the increased heating rate due to OP. However, the light mass also means the atom has a higher oscillation frequency in the trap relative to Cs, giving sidebands that are more highly resolved, and the larger η R allows coupling of significant higher order sidebands. Successful RSC of Na will therefore entail balancing the higher heating rates due to optical pumping with higher cooling rates afforded by large sideband separation and higher order sidebands.
Weakly-bound molecules
Once both Cs and Na atoms are prepared in their motional ground state, the atoms will be merged into the same tweezer. The final task in the ultracold molecular assembler (Fig. 1) is to convert them into a molecule that occupies the rovibronic ground state. We plan to achieve this goal via two separate coherent two-photon processes: first, converting atoms into a weakly bound molecule; second, transferring the molecule from a weakly bound state to the rovibronic ground state. Many methods have been demonstrated to convert cold atoms to weakly-bound molecules [36] [37] [38] [39] [40] , but a coherent method is necessary for high fidelity conversion. We numerically explore molecule formation utilizing a two-photon Raman pulse 36,38,41 in a parameter regime distinct from other methods.
The two-photon Raman transfer utilizes electronic transitions through an intermediate excited state and requires sufficiently large Franck-Condon factors (FCF) between all relevant levels in order to realize efficient conversion (Fig. 5) . We calculate all bound states of the ground a 3 Σ + NaCs potential 42 and the excited c 3 Σ + and b 3 Π potentials 22,43 using the mapped Fourier method 44 . We include the tweezer confinement out to a distance of 2.5µm in our calculations, but make the simplifying assumption that the atoms have the same spherical harmonic trapping frequency. * This assumption allows the Hamiltonian of two non-interacting atoms to be separated into their center-ofmass (CM) and relative (internuclear separation) coordinates 32 , R. Because molecular conversion depends only on the relative motion of the two atoms, we can neglect the CM term and add the tweezer confinement, as 1 2 µω 2 trap R 2 , where µ is the reduced mass and ω trap is the trap frequency, directly onto the molecular potentials.
Tight harmonic confinement gives the wavefunction appreciable amplitude inside the internuclear potential well for the unbound atomic vibrational levels (the lowest one starting at ν = 25), and is needed to enhance the FCF between levels of unbound atoms to excited molecular states. As an example, the magnitude of the wavefunction overlap ( √ FCF) of the transition between ν = 25 to ν = 73 and to ν = 0 of the excited molecular state as a function of trap frequency are shown in Fig. 5(B) . Our numerical enhancement scales with
trap , consistent with an analytical expression found previously 46 .
Experimentally, we will couple the initial unbound atom pair (ν = 25) to the least bound molecular state (ν = 24) in the a 3 Σ + potential via a two-photon Raman transition. To drive this transition, the two Raman laser beams have a difference frequency of ω bound ≈ 2π × 282MHz, the binding energy of the weakly bound ν = 24 state. The choice of Raman detuning is critical to avoid excessive spontaneous emission and Stark shifts while maintaining a sufficiently high two-photon Rabi rate 47 . We show the calculated values for these parameters in Fig. 6 , together with the expected operating point, where the Raman lasers are tuned several 100's of GHz below the lowest vibrational state of the excited-state c 3 Σ + potential. At this detuning, the Raman beams have a wavelength of 1037 nm, in a regime conveniently accessible by Ytterbium-doped fiber lasers and amplifiers.
Although the FCFs that connect weakly-bound molecular * This assumption is roughly true because the ratio of Na and Cs polarizabilities at a trapping wavelength around λ = 1 µm to their masses are similar 45 . This condition is not an experimental requirement. states to the harmonic oscillator ground state are enhanced by the harmonic confinement, the calculated transition still requires a relatively long pulse duration of 11 ms throughout which the Raman beams must stay coherent. However, the coherence requirement can easily be met by generating the two beams from a single laser with an acousto-optic modulator (AOM). Because the expected pulse duration is significantly longer than the harmonic oscillator periods of the ODT, the Raman beams will not couple to other vibrational levels (e.g. ν = 26) of the a 3 Σ + potential. We expect the dominant terms that limit transfer fidelity to be spontaneous emission (about 1 %), incomplete ground-state cooling, and fluctuating Stark shifts (see Fig. 6 ).
Ground-state molecules
The final step of single molecule creation (Fig. 1) favorable FCF's with the initial and target states, together with a large spin-orbit coupling, to transfer between triplet and singlet molecular states. Such a transfer scheme has been demonstrated efficiently (≈ 95%) for a number of ultracold bi-alkali dimers [12] [13] [14] [15] . In particular, a wise choice of intermediate molecular excited state would require only modest laser powers for the two-photon STIRAP transfer beams. The main challenge of this step lies in the technical aspect of maintaining coherence of two vastly different wavelength lasers. Based on prior spectroscopy 24 , we expect to use laser wavelengths around 905 nm and 635 nm to drive a coherent STIRAP transition from the initial to the final state. To maintain their coherence, both lasers can be simultaneously locked to a single stable high-finesse reference cavity 48 . Thus, single molecule production after stochastic loading of individual atoms into optical tweezers is expected with a fidelity of > 65%. To verify that a single molecule has been produced, we plan to reverse the coherent production steps to convert the molecule back to atoms. The dissociated atoms will then be separated into individual tweezers and imaged using fluorescence with 98% fidelity.
Conclusions
We present a scheme to produce a novel source of single ultracold polar molecules. Our scheme relies on high fidelity quantum state manipulation of atoms and molecules. We have demonstrated the crucial first steps toward single molecule production, which includes trapping the constituent atoms (Cs and Na) side-by-side in optical tweezers and motional ground-state cooling of Cs to its 3D ground state (84%). We numerically explore a two-photon Raman scheme to convert atom pairs to a weakly-bound molecule by utilizing both an enhanced FCF due to the trapping confinement and far-detuned Raman beams to minimize spontaneous emission. We further highlight the spectroscopy and technical requirements to transfer the weakly-bound molecule to its rovibronic ground-state.
Although our initial effort concentrates on producing one molecule, the number of single molecules can be scaled up by employing an array of single atom tweezer traps as a starting point. Molecules will be assembled from pairs of atoms in parallel by the same production described above. The optical tweezer array can be generated by a variety of technical tools such as digital mirror devices or by sending a single tweezer through an acousto-optical deflector driven by multiple radio-frequency tones. In such a 1D or 2D tweezer array, unity atom filling can be achieved by real-time re-arrangement of tweezer locations 49, 50 , which provides a promising starting point for a large, flexible, 2D array of molecules. This ultracold molecular assembler features fast cycle time, flexible geometry, and individual control and imaging capabilities, and provides an attractive platform for studies of ultracold chemistry, quantum information, and many body physics.
Note added: after completion of our work, we became aware of a related work demonstrating RSC of a single Cs atom 51 .
